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The Drosophila abnormal wing discs (awd) gene encodes the subunit of a protein that has nucleoside diphosphate kinase
(NDP kinase) activity. Null mutations of the awd gene cause lethality after puparium formation. Larvae homozygous for
such mutations have small imaginal discs, lymph glands, and brain lobes. Neither the imaginal discs nor the ovaries from
such null mutant larvae are capable of further growth or normal differentiation when transplanted into suitable host larvae.
This null mutant phenotype can be entirely rescued by one copy of a transgene that has 750 bp of awd upstream regulatory
DNA fused to a full-length awd cDNA. Tissue-speci®c expression of AWD protein from this rescue transgene is identical
to tissue-speci®c expression of b-galactosidase from a reporter transgene that has the same regulatory region fused to the
bacterial lac Z gene. However, this rescue transgene or reporter transgene expression pattern is only a subset of the
endogenous pattern of expression detected by either in situ hybridization or immunohistochemistry. This suggests that
awd is normally expressed in some tissues where it is not required. The null mutant phenotype cannot be rescued at all
by a transgene that has 750 bp of awd upstream regulatory DNA fused to a full-length awd cDNA with a mutation that
eliminates NDP kinase activity by replacement of the active site histidine with alanine. This suggests that the enzymatic
activity of the AWD protein is necessary for its biological function. The human genes nm23-H1 and nm23-H2 encode NDP
kinase A and B subunits, respectively. The protein subunit encoded by either human nm23 gene is 78% identical to that
encoded by the Drosophila awd gene. Transgenes that have the 750-bp awd upstream regulatory DNA fused to human
nm23-H2 cDNA but not to nm23-H1 cDNA can rescue the imaginal disc phenotype and the zygotic lethality caused by
homozygosis for an awd null mutation as ef®ciently as an awd transgene. However, rescue of female sterility requires
twice as much nm23-H2 expression as awd expression. This implies that the enzymatic activity of the AWD protein is
not suf®cient for its biological function. The biological function may require nonconserved residues of the AWD protein
that allow it to interact with other proteins. q 1996 Academic Press, Inc.
INTRODUCTION lymph glands, and brains. When cultured in vivo in the
abdomen of metamorphosing host larvae, mutant imaginal
discs are not capable of differentiating normal cuticularThe abnormal wing discs (awd) gene was identi®ed in
structures (Dearolf et al., 1988a). This result showed thatthis lab by an insertion mutation that disrupts the coding
the requirement for awd gene expression is imaginal discregion of the gene and causes recessive pupal lethality
autonomous. Clones of mutant cells produced by somatic(Dearolf et al., 1988a,b). Dissection of mutant larvae re-
recombination express a mutant phenotype in imaginal discvealed growth defects in imaginal discs, salivary glands,
derivatives (Dearolf et al., 1988a). This indicates that the
requirement for awd gene expression in imaginal discs is
also cell autonomous. Transplantation of mutant larval ova-1 To whom correspondence should be addressed. Fax: (410) 516-
5213. E-mail BIO_CALS@JHUVMS.HCF.JHU.EDU. ries into sterile hosts revealed that the donor ovaries were
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not capable of restoring fertility (Dearolf et al., 1988a). This that it has a housekeeping function. However, the appar-
ently normal development of larval tissues in awd null mu-result showed that there is an autonomous requirement for
awd gene expression in ovaries. Examination of such trans- tant larvae suggests that AWD does not have a housekeep-
ing function. If the NDP kinase activity is necessary forplanted ovaries revealed degeneration of the follicle cells
suggesting that there is a requirement for awd gene expres- the biological function of AWD, then mutations that allow
accumulation of enzymatically inactive protein should notsion in ovarian follicle cells (Timmons et al., 1993).
The temporal and tissue-speci®c expression pattern of rescue the awd mutant phenotype. If the NDP kinase activ-
ity is suf®cient for the biological function of AWD, thenawd has been examined using a reporter gene (Timmons et
al., 1993). A transgene (arr-lac Z) containing 750 bp up- transgenes appropriately expressing either human NDP ki-
nase A or B should rescue the awd mutant phenotype asstream of the awd coding region (awd regulatory region)
was fused to the bacterial lac Z gene and incorporated into well as transgenes appropriately expressing Drosophila
AWD/NDP kinase. We have tested these hypotheses bythe genome by germline transformation. An identical pat-
tern of b-galactosidase accumulation was observed in eight constructing transgenes with this 750 bp of awd upstream
sequence fused either to mutant Drosophila awd or humandifferent lines. Accumulation began at the end of the second
larval instar and was detected in all of the tissues that are nm23-H1 or nm23-H2 cDNAs and incorporating them into
the germline of an awd null mutant.affected by awd mutations including imaginal discs, sali-
vary glands, lymph glands, and brains. Our standard null
allele is awdKRs6 which has a deletion of 788 bp (Timmons
et al., 1993, 1995). This deletion removes the entire coding MATERIALS AND METHODS
region of awd without disturbing either ¯anking gene. Indi-
viduals homozygous for awdKRs6 and a transgene (arr-awd)
Drosophila stocks. Fly stocks were reared in shell vials on stan-containing the same 750 bp upstream of the awd coding
dard cornmeal, molasses, and yeast medium at 207C. In order to
region fused to an awd cDNA are viable (Timmons et al., prevent overcrowding, 5±10 pairs of parents were placed in each
1993). This indicates that all of the required awd regulatory vial and transferred daily.
material is included in that 750 bp of upstream sequence. In situ hybridization. Digoxigenin-labeled single-stranded
Here we report that the endogenous awd gene is expressed DNA probes were prepared as described by Patel and Goodman
(1992). A plasmid containing an awd cDNA (pAS4A) was derivedin at least one tissue, the fat body, in which neither the
by inserting the EcoRI cDNA fragment from pc600 (Dearolf et al.,awd reporter transgene nor the awd rescue transgene is
1988b) into the EcoRI site of pBluescriptII KS/. An awd-speci®cexpressed. This implies that the awd gene is normally ex-
probe (3*UTR) was made using 150 ng of primer 007 (Timmons etpressed in some tissues where it is not required.
al., 1993) and 400 ng of pAS4A linearized with BstEII. This probeThe awd gene product has nucleoside diphosphate kinase
can only hybridize to the 3* untranslated region of awd mRNA. A(NDP kinase) activity (Biggs et al., 1990). NDP kinases
negative control probe was made using 150 ng of primer 002 (Tim-
transfer the g phosphate from nucleoside triphosphates to mons et al., 1993) and 400 ng of pAS4A linearized with EcoRI. The
nucleoside diphosphates through a phosphorylated enzyme probes were diluted to 40 ng/100 ml hybridization buffer and heat
intermediate (Parks and Agarwal, 1973). The AWD protein denatured before use. Hybridizations were performed as described
accounts for95±98% of the NDP kinase activity that can previously (Timmons et al., 1993).
Immunostaining of whole mounts. Larvae were inverted in PBSbe extracted from larvae (Biggs et al., 1990; Timmons et
and ®xed in 3.6% paraformaldehyde, 0.01% glutaraldehyde in PBS.al., 1993). There are three human genes that encode NDP
After ®xation, larvae were incubated in 5% horse serum, 0.5% BSA,kinases, nm23-H1, nm23-H2, and DR-nm23 (Rosengard et
0.09% Triton X-100 in PBS (incubation mix) and then 0.3% H2O2 inal., 1989, Stahl et al., 1991; Venturelli et al., 1995). All
incubation mix. The larvae were incubated with primary antibodyeukaryotic NDP kinases that have been studied by X-ray
diluted 1:40 in incubation mix. Washes were done with 0.5% BSA,crystallography are hexamers with similar structures (Du-
0.09% Triton X-100 in PBS. Larvae were incubated in anti-rabbit
mas et al., 1992; Chiadmi et al., 1993; Webb et al., 1995). HRP-labeled secondary antibody diluted 1:200 in incubation mix.
NDP kinase puri®ed from human erythrocytes is a mixed The HRP was detected by incubation with equal volumes of 0.02%
hexamer (Presecan et al., 1989) that contains the NDP ki- H2O2 and 0.1% DAB in 0.1 M Tris, pH 7.2. After staining, the larvae
nase A subunit encoded by nm23-H1 and the NDP kinase were dissected and individual tissues were mounted.
Cryostat sections and antibody staining. Larvae were embed-B subunit encoded by nm23-H2 (Gilles et al., 1991). The
ded in OCT media (Miles Scienti®c), frozen on dry ice, and 16-mmpredicted AWD protein sequence is 78% identical to both
sections were cut using a Slee London MRH cryostat. The tissueNM23-H1 (Rosengard et al., 1989) and to NM23-H2, which
sections were ®xed with 4% paraformaldehyde in PBS, washed inare 88% identical to each other. There is evidence that the
TBS, preincubated with 0.3% H2O2, blocked in 1% BSA and 5nm23-H1 gene product can act as a metastasis suppressor
mg/ml lysine, and incubated in 1:40 anti-AWD antibody (HA1)(Leone et al., 1993) and that the nm23-H1 gene product can
followed by 1:200 anti-rabbit secondary antibody (Amersham). Sec-
act directly or indirectly as a myc transcription factor tions were stained by incubation in 0.3 mg/ml DAB, 0.064% NiCl,
(Postel et al., 1993). This evidence suggests that the biologi- 0.001% H2O2 in 0.1 M Tris, pH 7.2.
cal role of nm23 gene products may not depend only on its Examination of ovaries. Ovary transplants were performed as
NDP kinase activity. described by Clancy and Beadle (1937). Ovaries were dissected from
mutant, transgenic, or nonmutant third instar larvae and injectedThe nature of the enzymatic activity of AWD suggests
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into the abdomen of third instar female host larvae heterozygous mined prior to use to make sure that no mutations were inadver-
tently introduced.for the dominant female sterile mutation, Fs(1)K1237 also known
Germline transformation. The pCaSpeR transformation vectoras ovoD (Perrimon and Gans, 1983). Mutant donors were homozy-
contains a mini-white gene which allows for selection of insertsgous for an awd null mutation with a genotype of y w67C; e awdKRs6
by eye pigmentation (Thummel and Pirotta, 1992). Cesium-puri®edca or homozygous for a dysgenic awd mutation with a genotype
transformation plasmids and pp25.7wc transposase-providing plas-of mwh red e awdb3. Transgenic mutant donors had the same geno-
mids were injected into y w67C dechorionated preblastoderm eggs.type as the null mutant donors but in addition carried a transgene
Single pair matings of surviving injected animals to y w67C weremarked with w/. The nonmutant control donors were heterozygous
performed and all resulting progeny which did not have white eyessiblings; their complete genotype was y w67; e awdKRs6 ca/TM3, y/
were again crossed to y w67C in single pair matings.e Ser. Surviving hosts were mated to males of the genotype y w67C
Assay of NDP kinase activity. Third instar larvae or adults (20)and/or were dissected to examine for the presence and appearance
were homogenized in 100 ml of cold 100 mM Tris±HCl buffer (pHof donor ovaries. The dissected ovaries were incubated for 5 min
7.4) containing 10 mM MgCl2 and 100 mM KCl. After centrifuga-in DAPI dissolved in Ringer's solution, washed in Ringer's solution,
tion for 5 min in a microcentrifuge at 47C, the supernatant was®xed for 5 min in acetone, mounted in immunomount, and exam-
removed, diluted in buffer, and assayed for activity. The reactionined under epi¯uorescence illumination.
mixture contained MgCl2 (10 mM), KCl (100 mM), NADH (0.4Pole cell transplantation. Pole cell transplants were performed
mM), ATP (6 mM), TDP (0.7 mM), PEP (4 mM), pyruvate kinaseas described by Lawrence et al. (1983). Pole cells were removed
(10 units), lactate dehydrogenase (10 units), and 10 ml of extractfrom individual embryos that were the progeny of parents with the
in a ®nal volume of 1 ml of Tris±HCl buffer (100 mM, pH 7.4).genotype y w67C; e awdKRs6 ca/TM3, y/ e Ser and transplanted into
Nonmutant extracts were diluted 1:49; mutant extracts were notembryos derived from the cross of wild-type females to males hemi-
diluted. Activity was measured as loss of NADH absorbance at 340zygous for the dominant female-sterile mutation Fs(1)K1237 also
nm. A unit of activity is de®ned as the amount required to convertknown as ovoD1 (Perrimon and Gans, 1983). Female hosts that were
1 mmole of NADH to NAD in 1 min. Protein concentrations in therecovered were individually mated to males of the genotype y w67
extracts were measured using the Bradford protein assay (Bio-Rad)and their progeny was examined.
with BSA as a standard.Germline clonal analysis. Larvae derived from the cross of fe-
Agarose isoelectric focusing and immunoblotting. Extracts ofmales of the genotype y w67C; e awdKRs6 ca/TM3, y/ e Ser to males
cells, larvae, or adults were prepared in 10 mM Tris, 10 mM KCl,of the genotype y w67C/Y; {ovoD1 w/}/TM3, e Ser (generously pro-
1 mM MgCl2, pH 7.4, buffer. Protein concentrations were assayedvided by Norbert Perrimon) were irradiated with 1000 R of g rays.
using the Bradford protein assay (Bio-Rad) with BSA as a standard.The female progeny recovered with the genotype y w67C; e awdKRs6
The extracts were run on IsoGel agarose slabs (FMC BioProducts),ca/{ovoD1w / } were mated to males of the genotype y w67C/Y; e
pH range 3±10, using IsoGel pI markers (FMC BioProducts). TheawdKRs6 ca/TM3, y/ e Ser. If somatic recombination did not occur
proteins were transferred by press-blot transfer to Immobilon-P.in the germline, these females would have agametic, rudimentary
The blots were blocked with 5% Carnation dried milk and incu-ovaries and therefore no progeny. If somatic recombination did
bated with polyclonal anti-AWD antibodies or monoclonal anti-occur on the right arm of the third chromosome it could generate
NM23-H1/NDP kinase A antibodies. Reaction of the primarygermline clones with the genotype y w67C; e awdKRs6 ca. If oogonial
antibody with a goat anti-rabbit or goat anti-mouse horseradishcells with this genotype could produce fertilizable eggs then some
peroxidase-labeled secondary antibody (Amersham) was detectedprogeny could develop.
by Enhanced Chemiluminescence (Amersham).Construction of nm23 transgenes. A plasmid (pAS6) con-
SDS±polyacrylamide gel electrophoresis and immunoblotting.taining 750 bp of arr fused to an awd cDNA was modi®ed by site-
Extracts of larvae were prepared in 5 mM Tris buffer (pH 7.5) con-
directed mutagenesis to create an XbaI site near the ATG initiator
taining 20% glycerol and 3% SDS. Protein concentrations were
methionine codon (TCTCGGCGACAATG to TCTAGACGACA-
assayed using the DC protein assay (Bio-Rad) and were adjusted to
ATG) and a BamHI site just after the TAG termination codon
0.4 mg/ml. Ten microliters of each sample was boiled with 10 ml
(TAGACGGCTAC to TAGACGGATCC). The insert in this modi-
of 5 mM Tris, pH 7.5, buffer containing 20% glycerol, 3% SDS,
®ed plasmid (pAS6m2) was ampli®ed by PCR and in the process
and 85 mM b-mercaptoethanol. Fifteen microliters of each sample
an EcoRI site was introduced at the 5* end and a PstI site was was run on a 12.5% polyacrylamide gel, electroblotted onto Immob-
introduced at the 3* end. The ampli®ed product was cut with EcoRI ilon-P (Millipore), blocked with 5% Carnation dried milk, 0.05%
and PstI and ligated into the transformation plasmid pCaSpeR I to Tween 20 in PBS, and incubated with a monoclonal anti-NM23-
create parrXB-awd. This construct serves as a control for constructs H1/NDP kinase A antibody. Cross-reaction with a goat anti-mouse
containing the nm23-H1 or nm23-H2 cDNAs. The protein coding horseradish peroxidase-labeled secondary antibody (Amersham)
region of the nm23-H1 or nm23-H2 cDNA was also ampli®ed using was detected by Enhanced Chemiluminescence (Amersham). Mo-
PCR. The forward primer contained at its 5* end an XbaI site fol- lecular weight standards were low range prestained SDS±PAGE
lowed by 5 nucleotides that occur upstream of the awd ATG and standard (Bio-Rad).
18 nucleotides that occur downstream of the ATG codon of the
nm23-H1 or nm23-H2 cDNA. The reverse primer contained at its
5* end a BamHI site followed by 2 nucleotides that occur down-
stream of the awd stop codon and 15 nucleotides that occur up- RESULTS
stream of the stop codon of the nm23-H1 or nm23-H2 cDNA. The
ampli®ed products were cut with XbaI and BamHI and ligated to
Expression of the endogenous awd gene. We previouslyparrXB-awd which had been cut with XbaI and BamHI to remove
reported that awd mRNA in imaginal discs can ®rst bethe awd coding region. These transformation plasmids are called
detected by in situ hybridization during the third larvalparrXB-nm23-H1 and parrXB-nm23-H2. The nucleotide sequences
of the inserts in all of these transformation plasmids were deter- instar (Timmons et al., 1993). We now report a similar result
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mons et al., 1993) and indicates that expression of awd is
developmentally regulated.
In wild-type adult ovaries, awd transcript is detected in
both follicle cells and nurse cells (Figs. 3B and 3C). This
FIG. 1. In situ hybridization to whole mount of larval salivary
glands. (A) Wild-type larva. (B) awd null mutant larva. Arrow points
to salivary gland.
for other tissues in larvae. In larvae, the awd mRNA can
be detected by in situ hybridization during the third larval
instar in salivary glands (Fig. 1A), lymph glands (data not
shown), brain lobes (data not shown), and fat bodies (Fig.
2A). This accumulation of awd transcript in larval fat body
is signi®cant because no accumulation of b-galactosidase
was detected in larval fat bodies of any transformants that
carried the arr-lac Z reporter gene (Timmons et al., 1993).
Two different controls were performed to examine the spec-
i®city of the hybridization. First, hybridization was per-
formed with a probe that was identical to a portion of the
awd mRNA; no signal was detected (data not shown). Sec-
ond, hybridization was performed to tissue from an awd
deletion mutant, awdKRs6 (Timmons et al., 1995) that has
no awd coding region; no signal was detected in any tissue
including the salivary glands (Fig. 1B), lymph glands (data
not shown), brain lobes (data not shown), and fat body (Fig. FIG. 2. In situ hybridization to larval frozen sections. (A) Fat body
2C). No signal was detected in fat body dissected from wild- from wild-type, late third instar larva. (B) Fat body from wild-type,
type larvae at the beginning of the third larval instar (Fig. early third instar larva. (C) Fat body from late third instar awd null
mutant larva.2B). This is similar to the results for imaginal discs (Tim-
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FIG. 3. In situ hybridization to adult ovaries. (A) Frozen section of ovary from wild-type adult treated with ribonuclease. (B,C) Frozen section
of ovary from wild-type adult. Transcript is detected both in nurse cells (indicated by arrowhead) and follicle cells (indicated by arrow).
is signi®cant because accumulation of b-galactosidase was fat body and ovarian nurse cell expression is unnecessary
and therefore dispensable or that the level of b-galactosidasedetected in follicle cells of transformants that carried the
arr-lac Z reporter gene but was not detected in nurse cells accumulation from the reporter transgene is so low that it
is below the limits of detection.(Timmons et al., 1993). Since the awdKRs6 is a pupal lethal
we could not use it as a control for in situ hybridization to There is one caveat to this interpretation. The expression
of transgenes can be in¯uenced by genes ¯anking their in-adult ovaries. Instead, as negative controls, we used ovaries
treated with ribonuclease (Fig. 3A) and ovaries incubated sertion site, i.e., by position effects (Spradling and Rubin,
1983). Although the rescue transgene and the reporterwith a probe identical to a portion of the awd transcript
(data not shown). No hybridization was detected in either transgene have precisely the same awd regulatory region,
it is possible that due to such a position effect, the rescueof the negative controls.
The results of in situ hybridization show that the endoge- transgene, arr-awd, is expressed differently than the re-
porter transgene, arr-lac Z. This possibility was tested bynous awd gene is expressed at the same stages of develop-
ment and in all of the tissues in which b-galactosidase accu- performing in situ hybridization on tissue from larvae ho-
mozygous for the awd deletion mutant awdKRs6 and alsomulates from a reporter transgene such as third instar larval
salivary glands (Fig. 1A) and adult ovarian follicle cells (Figs. homozygous for arr-awd. The pattern of accumulation of
awd transcript in such larvae is identical to the pattern3B and 3C). However, the endogenous gene is also expressed
in the larval fat bodies (Fig. 2A) and in ovarian nurse cells of b-galactosidase accumulation in larvae from individuals
homozygous for the reporter gene. For example, there is(Figs. 3B and 3C) in which no b-galactosidase accumulation
from a reporter transgene was detected. The fact that the awd transcript present in the salivary gland but none detect-
able in the fat body (Fig. 4). Since the expression patternsame regulatory region used for the reporter gene construct
when fused to an awd cDNA can completely rescue the required to rescue the mutant phenotype is only a subset
of the endogenous pattern, we infer that the tissue speci®cmutant phenotype implies either that the endogenous larval
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8272 / 6x10$$$183 07-11-96 23:19:56 dba AP: Dev Bio
549Biological Function of AWD/NDP Kinase
host ovaries. Since awdKRs6 is missing the entire coding re-
gion, we are certain that it is a null allele. The fact that
awdKRs6 causes a more severe ovarian phenotype than does
awdb3 implies that awdb3 is not a null allele, despite the
fact that it has a defective P-element inserted into the pro-
tein coding region (Dearolf et al., 1988b). We examined the
germline requirement for awd gene expression by pole cell
transplantation and by generating germline clones. We re-
covered 26 egg-laying females from embryos that had been
transplanted with pole cells. All 21 of the 26 females that
gave rise to viable progeny were shown by the genotype of
those progeny to have germlines that were heterozygous for
awdKRs6. The other 5 host females gave rise to embryos that
survived only as late as the blastoderm stage. We presume
that the germlines of these females were homozygous for
awdKRs6. This suggests that there is an embryonic require-
ment for maternal germline awd gene expression. Such a
requirement is consistent with the presence of AWD/NDP
kinase activity in unfertilized eggs (Timmons et al., 1993).
However, the analysis of germline clones suggests that the
amount of maternal germline awd gene expression required
is quite low. We recovered 6 females with awdKRs6 germline
clones that gave rise to viable progeny. The only source of
awd gene product that could be present in such mutant
germline clones is that which was present in the cytoplasm
of the heterozygous clone mother cells and which perdured.
Transformation of an awd null mutant with a mutant
awd transgene. The mechanism of phosphate transfer of
NDP kinase involves a histidine residue (Edlund et al.,
1969; Morera et al., 1995) that is conserved in all NDP
kinases that have been sequenced. In AWD this active site
histidine is residue 119. We have mutated the awd cDNAFIG. 4. In situ hybridization to whole mount of late third instar
in the rescue transgene so that histidine 119 would be re-larva homozygous for an awd null allele and homozygous for arr-
awd transgene that completely rescues the mutant phenotype. The placed by alanine and introduced it into the germline by
awd transcript accumulates in the salivary gland (SG) but not in transformation. In larvae homozygous for the mutant
the fat body. transgene and homozygous for awdKRs6, we found by immu-
noblotting of agarose isoelectric focusing (IEF) gels that the
mutant protein accumulates to a similar extent as the wild-
type protein from the wild-type transgene, indicating that
it is stable (data not shown). However, as expected, we de-requirement for awd gene expression is more limited than
is the tissue speci®c pattern of awd gene expression. tected the same level of NDP kinase activity in these mu-
tant transgenic larvae as in larvae homozygous for the dele-Germline requirement for awd gene expression. Since
homozygosis for severe awd mutations causes zygotic le- tion mutation awdKRs6. This demonstrates that this histi-
dine residue is essential for NDP kinase activity. Of mostthality, no adults eclose which could be directly tested for
fertility. We previously examined this issue using larval signi®cance, the mutant transgene does not rescue any as-
pect of the mutant phenotype. This lack of rescue demon-ovary transplantation (Dearolf et al., 1988a). Whereas ova-
ries from wild-type larvae after transplantation into female strates that histidine 119 is necessary for the biological
function of AWD. The mutant protein's lack of NDP kinasesterile host larvae generate normal ovaries (Fig. 9A), ovaries
from larvae homozygous for the original awd allele, awdb3, activity and lack of biological function suggests that the
enzymatic activity of AWD is necessary for its biologicalafter transplantation into female sterile host larvae generate
defective egg chambers (Fig. 9B). This result suggested that function.
Transformation of an awd null mutant with humanindeed awd gene function is required for normal ovarian
development. We have also performed such transplantation nm23 transgenes. Having established that the 750-bp up-
stream regulatory region of awd directs expression at allwith ovaries from larvae homozygous for the null awd al-
lele, awdKRs6, and found that null mutant ovaries do not required times and in all required tissues for normal devel-
opment, we have used it to direct expression of the humangenerate any egg chambers (Fig. 9D). Indeed these null mu-
tant ovaries do not develop as well as the female sterile nm23-H1 and nm23-H2 gene products in Drosophila.
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TABLE 1
Rescue of awd Mutant Phenotype by Transgenes Expressing either AWD/NDP Kinase or Human NM23/NDP Kinase
NDP kinase activityb
Line Chromosome Viabilitya Fertility Larvae Female adults
Ð c 0 (0) Not applicable 0.04 { 0.02 Ð
Ð
awd#7Q 2nd 42 (63) Males and females 0.25 { 0.12 0.46 { 0.10
awd#7Q
awd#7Q 2nd 27 (54) Males and females 0.14 { 0.07 0.26 { 0.07
Ð
awd#XB 2nd 87 (95) Males and females 1.0 { 0.41 1.1 { 0.07
awd#XB
nm23-H1#1 2nd 5 (67) Males only 0.28 { 0.26 0.21 { 0.08
nm23-H1#1




and and 31 (75) Males only 0.34 { 0.07 0.21 { 0.09
nm23-H1#2
nm23-H1#2 X
nm23-H1#3 2nd 0 (0) Not applicable 0.15 { 0.01 Ð
nm23-H1#3
nm23-H2#2 2nd 45 (80) Males only 0.26 { 0.18 0.28 { 0.05
nm23-H2#2




and and 69 (96) Males only N.D. N.D.
nm23-H2#2
nm23-H2#2 2nd
a Viability is presented as percentage of mutant larvae that survive to be viable adults and in parentheses the percentage of mutant
larvae that survive at least to the pharate adult stage.
b NDP kinase activity is presented as speci®c activity in units/mg protein. For comparison, activity in wild-type larvae is 7 units/mg
protein and activity in wild-type females is 10 units/mg protein.
c Larvae homozygous for awdKRs6.
Transgenes were constructed in which the only human se- from such stocks that are homozygous for awdKRs6 can be
distinguished by expression of the yellow mutant pheno-quences were the protein coding regions of either nm23-H1
or nm23-H2. The 5* and 3* transcribed but untranslated type (see Materials and Methods). To detect expression of
NM23 protein in transformants that are homozygous forsequences from the human nm23 cDNAs were replaced by
the 5* and 3* transcribed but untranslated sequences from awdKRs6, we tried using an af®nity-puri®ed polyclonal anti-
body (HA1) on immunoblots of larval extracts. HA1 anti-a full-length awd cDNA. In order to make the construction
of these transgenes more convenient, it was necessary to body detects multiple bands of AWD/NDP kinase on immu-
noblots of wild-type larval extracts fractionated by isoelec-slightly modify arr-awd to arrXB-awd as described under
Materials and Methods. These modi®cations did not impair tric focusing (Fig. 5, lane F). The more acidic bands represent
AWD/NDP kinase hexamers in which some of the subunitsthe ability of arrXB-awd to rescue the mutant phenotype
(Table 1, awd#XB). Three independent transformants were are phosphorylated at the active site histidine (Timmons et
al., 1995). HA1 antibody, however, does not detect anyrecovered carrying the human transgene arrXB-nm23-H1
and two independent transformants were recovered carrying bands in extracts of larvae that are homozygous for awdKRs6
(Fig. 5, lane E; Timmons et al., 1995). So HA1 does notthe human transgene arrXB-nm23-H2.
The nm23 transformants are maintained in stocks that cross-react with any other Drosophila protein. HA1 detects
multiple bands in extracts of larvae that are homozygousare homozygous for the nm23 transgenes and heterozygous
for the awd deletion mutant, awdKRs6. Larvae and adults for awdKRs6 and also homozygous for either arr-awd (Fig.
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in Drosophila leading to accumulation of NM23-H1/NDP
kinase subunits. The fact that the NM23-H1/NDP kinase
subunits can form mixed hexamers with Drosophila AWD/
NDP kinase subunits means that the human protein must
fold properly when expressed in Drosophila.
Similar results were obtained with nm23-H2 trans-
formants. However, on immunoblots of awdKRs6 mutant
heterozygous larvae and adults carrying the human nm23-
H2 transgene the additional bands are more basic (Fig. 7,
lanes A, B, E, and F) than those detected in wild-type larvae
and adults (Fig. 7, lanes D and H). The mixed hexamers
have a more basic isoelectric point than those in nm23-H1
transformants because the isoelectric point of NM23-H2/
NDP kinase is more basic than the isoelectric point of
AWD-H1/NDP kinase (Fig. 8).
In order to detect NM23-H1/NDP kinase A or NM23-H2/
NDP kinase B in larvae that are homozygous for awdKRs6, weFIG. 5. Immunoblot of agarose isoelectric focusing gel. Extracts
used a monoclonal antibody (MAb 143.2) that was generatedof larvae were fractionated by isoelectric focusing in agarose gel
and immunoblotted with HA1 antibody. (A) Homozygous for awd against NM23-H1/NDP kinase A. In larvae that are homo-
null allele and homozygous for arr-nm23-H2 (line 4). (B) Homozy- zygous for awdKRs6 and homozygous for an nm23-H1
gous for awd null allele and homozygous for arr-nm23-H1 (line 1). transgene (Fig. 8, lane B) this antibody detects NM23-H1/
(C) Homozygous for awd null allele and homozygous for arr-awd NDP kinase A primarily at an isoelectric point of 5.1. In
(line 7Q). (D) Homozygous for awd null allele and homozygous for larvae that are homozygous for awdKRs6 and homozygous
arr-awd (line XB). (E) Homozygous for awd null allele. (F) Wild-
for an nm23-H2 transgene (Fig. 8, lane A) this antibodytype larvae. (G) HeLa cell extract.
detects NM23-H2/NDP kinase B primarily at an isoelectric
point of 9.5. In HeLa cell extracts this antibody detects
proteins of many different isoelectric points (Fig. 8, lane G).
We interpret these proteins as all of the possible mixed5, lane C-awd#7Q) or arrXB-awd (Fig. 5, lane D-awd#XB).
Larvae homozygous for arrXB-awd accumulate more AWD/ hexamers of NM23-H1/NDP kinase A and NM23-H2/NDP
NDP kinase than do larvae homozygous for arr-awd. HA1,
however, does not cross-react with any protein in extracts
of HeLa cells (Fig. 5, lane G) indicating that it can not detect
either NM23-H1/NDP kinase A or NM23-H2/NDP kinase
B. So the absence of cross-reaction in larvae that are homo-
zygous for awdKRs6 and homozygous for either an nm23-H1
transgene (Fig. 5, lane B) or nm23-H2 transgene (Fig. 5, lane
A) does not mean that the transgenes are not expressed.
The expression of either human transgene can be detected
with HA1 antibody in larvae that are homozygous for an
nm23 transgene and heterozygous for the awd deletion mu-
tant, awdKRs6. On immunoblots of awd mutant heterozy-
gotes carrying the human nm23-H1 transgene several addi-
tional more acidic bands are detected (Fig. 6, lanes B±D)
compared to wild-type larvae with no transgene (Fig. 6, lane
A). Since HA1 does not cross-react with either human NDP
kinase (Fig. 5), these additional bands must represent mixed
hexamers in which some of the subunits are derived from
the awd gene and some are derived from the human nm23-
H1 transgene. The mixed hexamers have a more acidic iso-
electric point than does AWD/NDP kinase because the iso-
electric point of NM23-H1/NDP kinase is more acidic than
FIG. 6. Immunoblot of agarose isoelectric focusing gel. Extractsthe isoelectric point of AWD/NDP kinase (Fig. 8). The
of larvae were fractionated by isoelectric focusing in agarose gel
amount of protein detected in these additional bands is dif- and immunoblotted with HA1 antibody. (A) Wild-type larva. (B)
ferent in the three lines, suggesting that there are differ- Heterozygous for awd null allele and homozygous for arr-nm23-
ences in the level of human nm23-H1 transgene expressed H1 (line 3). (C) Heterozygous for awd null allele and homozygous
in the different lines (Fig. 6, lanes B±D). These data show for arr-nm23-H1 (line 2). (D) Heterozygous for awd null allele and
homozygous for arr-nm23-H1 (line 1).that expression of the human nm32-H1 transgene occurs
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mulates in line 1, where some homozygous mutant adults
are recovered, than in lines 2 and 3, where no homozygous
mutant adults are recovered.
Both transformant lines expressing nm23-H2 show an
even greater degree of rescue of the awdKRs6 zygotic pheno-
type than transformant lines expressing nm23-H1 (Table 1).
In one of the two lines (line 2) 80% of homozygous mutant
larvae survive to the pharate adult stage and 45% of mutant
larvae eclose. In line 4, 87% of mutant larvae survive to the
pharate adult stage and 77% of mutant larvae eclose. In
both cases the adults that eclose and the pharate adults are
morphologically normal. So, as far as the zygotic phenotype
is concerned the human nm23-H2 gene can replace the awd
gene better than the human nm23-H1 gene.
Adult females which are homozygous for awdKRs6 and also
homozygous for the nm23-H2 transgene (line 4) are fertile.FIG. 7. Immunoblot of agarose isoelectric focusing gel. Extracts
However adult females which are homozygous for awdKRs6of larvae (A±D) or adults (E±H) were fractionated by isoelectric
and also homozygous for either the nm23-H2 transgene (linefocusing in agarose gel and immunoblotted with HA1 antibody. (A
2) or the nm23-H1 transgene (line 1) are sterile. This sterilityand E) Heterozygous for awd null allele and homozygous for arr-
supports the ovary and pole cell transplantation data pre-nm23-H2 (line 4) (B and F) Heterozygous for awd null allele and
homozygous for arr-nm23-H1 (line 2). (C and G) Homozygous for sented earlier indicating that female fertility requires awd
awd null allele and homozygous for arr-awd (line 7Q). (D and H) gene function. Ovaries transplanted from larvae homozy-
Wild-type. gous for the awdKRs6 null mutation and also homozygous
for the nm23-H1 transgene (line 1) do not develop like non-
mutant ovaries; however, they do develop further than ova-
ries from larvae homozygous for the awdKRs6 null mutation
(Fig. 9C). So, as far as the ovarian phenotype is concernedkinase B. These data con®rm that indeed NM23/NDP ki-
nase accumulates in Drosophila transformed with either the human nm23-H1 gene can only partially replace the
human nm23 cDNA. Despite the fact that NM23-H1/NDP
kinase A has a very acidic isoelectric point and NM23-H2/
NDP kinase B has a very basic isoelectric, in HeLa cells
where both are expressed, most of the hexamers have a
rather neutral isoelectric point. This is probably because
they contain both acidic and basic subunits as in human
erythrocytes (Presecan et al., 1989).
All three transformants expressing nm23-H1 show partial
rescue of the awdKRs6 mutant zygotic phenotype (Table 1).
In one of the three lines (line 3) no homozygous mutant
adults or pharate adults are recovered, but the imaginal
discs, lymph glands, and brains in homozygous mutant lar-
vae look normal. More complete rescue of the zygotic phe-
notype is observed in the other two lines. In line 2, 76% of
homozygous mutant larvae survive to the pharate adult
stage although none eclose. In line 1, 67% of homozygous
mutant larvae survive to the pharate adult stage and 5% of
mutant larvae eclose. In both cases (lines 1 and 2) the adults
that eclose and the pharate adults are morphologically nor-
mal. The level of NDP kinase activity detected in larval
FIG. 8. Immunoblot of agarose isoelectric focusing gel. Extractsextracts of line 1 is higher than the levels in lines 2 and 3
of larvae were fractionated by isoelectric focusing in agarose gelbut the difference is not statistically signi®cant due to the
and immunoblotted with MAb 143.2 that recognizes both NM23-large variability of the values in line 1 (Table 1). Neverthe-
H1/NDP kinase A and NM23-H2/NDP kinase B. (A) Homozygousless, the difference in the degree of rescue is most likely
for awd null allele and homozygous for arr-nm23-H2 (line 4). (B)
due to differences in the amount of human NM23-H1/NDP Homozygous for awd null allele and homozygous for arr-nm23-H1
kinase that is produced. A difference in the extent of accu- (line 1). (C) Homozygous for awd null allele and homozygous for
mulation was demonstrated on immunoblots of extracts of arr-awd (line 7Q). (D) Homozygous for awd null allele and homozy-
transgenic larvae fractionated by isoelectric focusing (Fig. gous for arr-awd (line XB). (E) Homozygous for awd null allele. (F)
Wild-type larvae. (G) HeLa cell extract.6) or SDS±PAGE (data not shown). More NM23-H1 accu-
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FIG. 9. Fluorescence micrographs of ovaries stained with DAPI. (A) Ovariole from wild-type ovary transplanted into female sterile host.
(B) Ovariole from awdb3 ovary transplanted into female sterile host. (C) Ovariole from transgenic ovary transplanted into female sterile
host. Donor ovary was from larva homozygous for awdKRs6 and homozygous for arr-nm23-H1 (line 1). (D) Entire awdKRs6 ovary transplanted
into female sterile host. Arrowhead indicates host ovary; arrow indicates awdKRs6 donor ovary.
awd gene. We have measured the level of NDP kinase activ- copy number of nm23-H1 transgenes by combining inser-
tion 1 and insertion 2 into a single stock. The viability ofity in transgenic adult females to determine whether the
differences observed in fertility could be accounted for by awdKRs6 homozygotes that are also homozygous for both
nm23-H1 transgene (line 1) and nm23-H1 transgene (line 2)differences in the level of expression (Table 1). We observed
that in the two sterile lines, females which are homozygous is signi®cantly increased compared to awdKRs6 homozygotes
that are homozygous for either transgene alone (Table 1)for awdKRs6 and also homozygous for either the nm23-H1
transgene (line 1) or the nm23-H2 transgene (line 2) have and the level of NDP kinase activity in larvae is increased
(Table 1). However, females homozygous for both insertionsa level of NDP kinase activity which is not signi®cantly
different (P  0.63 and 0.39, respectively) than the level do not have an increased level of NDP kinase activity and
they are not fertile. These females do not even producein fertile females which are homozygous for awdKRs6 and
heterozygous for an awd transgene (Table 1; 7Q//). So lev- mature oocytes. We have also examined the fertility of
awdKRs6 homozygous females that are also homozygous forels of NM23/NDP kinase activity that are not adequate for
rescuing fertility are not signi®cantly different than levels both an nm23-H1 transgene (line 2) and an nm23-H2
transgene (line 2). Although these females are expected toof AWD/NDP kinase activity that are adequate for rescuing
fertility. By contrast, fertile females which are homozygous accumulate mixed hexamers of NM23-H1/NDP kinase A
and NM23-H2/NDP kinase B, they are nevertheless sterile.for awdKRs6 and also homozygous for the nm23-H2
transgene (line 4) have a level of NDP kinase activity which
is signi®cantly higher (P  0.03) than the level in fertile
females which are homozygous for awdKRs6 and heterozy- DISCUSSION
gous for an awd transgene (Table 1; 7Q//). So a higher
level of NM23-H2/NDP kinase B activity than AWD/NDP Larvae homozygous for null mutations in the awd gene
develop like normal larvae until the beginning of the thirdkinase is required for rescuing fertility. We increased the
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larval instar. During the third larval instar, the mutant binding or transcription factor activity. So, we tested
whether the enzymatic activity of AWD is required for itsimaginal discs, lymph glands, salivary gland, and optic lobes
of the brain grow very little compared to those tissues in biological activity. Null mutant larvae (awdKRs6) that are
homozygous for a mutant awd transgene that expresseswild-type larvae. These mutant larvae are not capable of
completing metamorphosis (Timmons et al., 1993) nor are AWD protein with histidine 119 replaced by alanine have
an identical phenotype as null mutant larvae with nothe imaginal discs in these mutant larvae capable of differ-
entiating normal adult structures (Dearolf et al., 1988a). transgene at all. This mutant protein accumulates in
transgenic larvae, as detected by immunoblotting, but doesThis phenotype has provided information concerning the
temporal and tissue-speci®c requirements for the product not rescue the mutant phenotype. We infer from this lack of
rescue that this mutant protein has no biological function.of the awd gene. If the awd gene were only expressed at
those times and in those tissues where the mutant pheno- Extracts of these transgenic larvae have the identical level
of NDP kinase activity as null mutant larvae with notype indicated it was required, then we would ®rst detect
it in third instar larvae in imaginal discs, lymph glands, transgene at all. Histidine 119 is the residue involved in
phosphate transfer (Chiadmi et al., 1993; Morera et al.,salivary gland, and optic lobes of the brain. This is, in fact,
the pattern of expression we observed with an awd reporter 1995) so we expected this lack of activity. Four different
awd point mutations that allow accumulation of an AWDgene (Timmons et al., 1993; this paper). However, this is
only a subset of the pattern of endogenous gene expression. protein with no NDP kinase activity also cause a null mu-
tant phenotype (Timmons et al., 1995). Our interpretationFor example in wild-type larvae there is endogenous awd
gene expression in the fat body, whereas the reporter gene of these data is that the enzymatic activity of AWD is neces-
sary for its biological function. Wagner and Vu (1995) haveis not detected in fat body. In female adults there is endoge-
nous awd expression in nurse cells which is the likely recently presented evidence that NDP kinase can act, in
vitro, as a protein kinase to phosphorylate ATP-citrate ly-source of the high concentration of AWD/NDP kinase in
unfertilized eggs (Timmons et al., 1993), whereas reporter ase. Although this reaction does not involve transfer of
phosphate to a nucleoside diphosphate it still depends ongene expression is not detected in nurse cells.
We previously reported that larvae homozygous for an the enzymatic activity of NDP kinase. Another possible
interpretation of our mutants is that the biological functionawd null allele and also homozygous for a transgene that
rescues the phenotype only has a fraction of the AWD/NDP of AWD depends upon some activity that we have not mea-
sured and that all of these mutations eliminate not onlykinase activity of wild-type larvae (Timmons et al., 1993).
That result already suggested that all of the normal endoge- the enzymatic activity but this unknown activity as well.
Our evidence implies that the enzymatic activity of AWDnous awd gene expression is not required. Here we report
that as little as 1±2% of the wild-type level of AWD/NDP is necessary for its biological function. If this activity were
also suf®cient for the biological function of AWD, then thekinase activity provided by an awd transgene can rescue
the zygotic phenotype (Table 1Ðawd#7Q/0). We knew entire phenotype caused by a null mutation such as awdKRs6
should be rescued by a transgene expressing a heterologousfrom the pattern of expression of an awd reporter gene that
the regulatory region of the rescue transgene does not direct NDP kinase. To test this hypothesis we expressed both hu-
man NDP kinases in ¯ies. Drosophila is the only organismdetectable amounts of expression in the fat body, one of the
largest organs in Drosophila larvae (Timmons et al., 1993). in which the mutant phenotype caused by null mutations
of an NDP kinase has been reported, so it is a useful organ-Finding that the endogenous awd gene is expressed at a high
level in larval fat body but that this expression is apparently ism for examining the biological function of NDP kinases.
Using our HA1 antibodies on immunoblots of extracts frac-not required reinforces the idea that all of the normal endog-
enous awd gene expression is not required and helps to tionated by IEF agarose, we did not detect NM23-H1/NDP
kinase A or NM23-H2/NDP kinase B in larvae homozygousexplain how the rescue transgene rescues the mutant phe-
notype yet directs only a fraction of the normal expression. for an awd null allele and homozygous for either nm23-H1
or nm23-H2 transgenes (Fig. 7). This lack of cross-reactionWe speculate that the difference between endogenous gene
and transgene expression is caused by the presence near the is explicable in terms of what is known about the sequence
identity between AWD/NDP kinase, NM23-H1/NDP ki-endogenous gene of an enhancer which is not present in the
750-bp regulatory region we have used for all transgenes. nase A, and NM23-H2/NDP kinase B and the three-dimen-
sional structure of AWD/NDP kinase (Chiadmi et al., 1993)Apparently in wild-type larvae a tremendous excess of NDP
kinase is produced. So, for example, in the fat body of wild- and NM23-H2/NDP kinase B (Webb et al., 1995). The re-
gions of sequence identity are in the active site and thetype larvae there is expression of the awd gene that is not
required. This is consistent with our previous result that interfaces between subunits (Chiadmi et al., 1993). Whereas
the residues of the hexamer exposed to the outside includeincreasing the accumulation of AWD/NDP kinase even
higher than the endogenous level by using a heat shock primarily those not conserved between AWD/NDP kinase,
NM23-H1/NDP kinase A, and NM23-H2/NDP kinase B.construct in a wild-type background causes no mutant phe-
notype (Timmons et al., 1993). Since the immunogen used to produce HA1 antibodies was
puri®ed AWD/NDP kinase hexamers and since native pro-Postel and Ferrone (1994) have reported that the enzy-
matic activity of NM23-H2 is not required for its DNA teins are fractionated by IEF agarose, this suggests that the
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epitopes recognized by HA1 are primarily on the outside of logical activity may require interaction between AWD and
other proteins. NM23-H1 expressed in mutant larvae canthe folded hexamer.
Several lines of evidence show that the products of both certainly provide the NDP kinase activity that is necessary
for the biological function of AWD but may not be able totransgenes accumulate in ¯ies. First, when expressed in lar-
vae that also express AWD/NDP kinase both NM23-H1/ ef®ciently interact with such other proteins.
We assayed the fertility of awdKRs6 homozygotes that areNDP kinase A subunits and NM23-H2/NDP kinase B sub-
units can form hybrid proteins with AWD/NDP kinase sub- also homozygous for either homologous or heterologous
transgenes as another measure of the biological activity ofunits that can be detected with HA1 antibodies (Figs. 6 and
7). The fact that they can form mixed hexamers is also transgenic products. In lines with comparable female adult
NDP kinase-speci®c activities, homozygosity for neitherunderstandable based on their similar primary structures
and the known three-dimensional structure of AWD/NDP nm23-H2#2 nor nm23-H1#1 can rescue the female sterility
of an awd null mutation as can heterozygosity for awd#7Q.kinase (Chiadmi et al., 1993) and NM23-H2/NDP kinase
B (Webb et al., 1995). The interaction between subunits We interpret this failure to rescue to mean that the biologi-
cal activity of AWD required for fertility involves some(Chiadmi et al., 1993) primarily involves helices a1 (resi-
dues 22±32) and a3 (residues 81±90), sheet b2 (35±39), and property of the protein that is poorly conserved between
AWD and either NM23-H2 or NM23-H1. Since, with re-some residues of the Kpn loop (residues 94±113). Within
these regions AWD/NDP kinase A is 85% identical in pri- spect to female fertility, NM23-H2/NDP kinase B does not
fully substitute for the lack of AWD/NDP kinase, this resultmary structure to human NM23-H1/NDP kinase A and
83% identical to NM23-H2/NDP kinase B. The residues suggests that the putative interacting proteins in ovaries
may be different than those in the soma. In a line with aimportant for subunit interactions are highly conserved;
thus, heterologous subunits can form hexamers. A second higher level of NM23-H2 expression (nm23-H2#4) female
fertility can be restored. This indicates that NM23-H2 hasline of evidence that the products of both transgenes accu-
mulate in ¯ies is that in awd null mutant larvae either some biological activity in ¯ies but is less ef®cient than
AWD. In mammalian cells both acidic NM23-H1 and basicNM23-H1/NDP kinase A or NM23-H2/NDP kinase B can
be detected with a monoclonal antibody directed against NM23-H2 are normally present in the same cells and most
of the NDP kinase is present as neutral mixed hexamersNM23-H1/NDP kinase A (Fig. 8). A third line of evidence
is that in awd null mutant larvae homozygous for either (Fig. 8, lane G). We created a transgenic ¯y line which accu-
mulated both NM23-H1 and NM23-H2 to test whether suchnm23-H1 or nm23-H2 transgenes there is signi®cantly
greater NDP kinase activity than in awd null mutant larvae mixed hexamers could rescue the sterility phenotype better
than either protein by itself. We found that adding nm23-without either transgene (Table 1). These data not only
demonstrate that the products of these heterologous trans- H1#2 to a line that already had nm23-H2#2 did not signi®-
cantly improve the female sterility phenotype.genes accumulate, they also indicate that they fold properly.
We assayed NDP kinase-speci®c activity in extracts as a Human NM23-H1/NDP kinase A is 88% identical in pri-
mary structure to human NM23-H2/NDP kinase B. Bothmeasure of the extent of accumulation of homologous or
heterologous transgenic products. There is some variability human NDP kinases are 78% identical to AWD/NDP ki-
nase. The fact that NM23-H2/NDP kinase B can rescue thein the extent of accumulation of homologous or heterolo-
gous transgenic products in different lines (Table 1). We zygotic defects caused by an awd null mutation as ef®-
ciently as AWD/NDP kinase, whereas NM23-H1/NDP ki-interpret these differences as a consequence of different
sites of insertion, i.e., of position effects (Spradling and Ru- nase A cannot rescue as ef®ciently, must depend on the
small number of differences between NM23-H1/NDP ki-bin, 1983). We assayed the viability of awdKRs6 homozygotes
that are also homozygous for either homologous or heterolo- nase A and NM23-H2/NDP kinase B. There are 19 residues
that are different in NM23-H1/NDP kinase A and NM23-gous transgenes as one measure of the biological activity of
transgenic products. In lines with comparable larval NDP H2/NDP kinase B; 9 of these are different in all three pro-
teins. Of the remaining 10 residues, there are only 5 thatkinase-speci®c activities, nm23-H2#2 can rescue the zy-
gotic lethality of an awd null mutation to the same extent are identical in AWD/NDP kinase and NM23-H2/NDP ki-
nase B but different in NM23-H1/NDP kinase A. The loca-as awd#7Q (45 and 42% viability, respectively). Despite the
fact that NM23-H2/NDP kinase B is a basic protein and tion of these 5 residues and their differences are lys46glu,
glu47asp, pro63ala, asn70his, and asp149asn. We speculateAWD/NDP kinase is a neutral protein, when expressed to
the same extent NM23-H2/NDP kinase B can fully substi- that the lys46glu difference is most signi®cant because it
is in the aA helix which is not involved either in subunittute for the lack of AWD/NDP kinase in larvae. However,
when expressed to the same extent nm23-H1#1 can not interactions or nucleotide binding (Chiadmi et al., 1993).
This helix may be involved in interactions with other pro-rescue the zygotic lethality to the same extent as can nm23-
H2#2 or awd#7Q (5% viability). We interpret this difference teins; the extreme difference between a basic and an acidic
amino acid at this position could disrupt such interactions.to mean that the biological activity of AWD required for
viability involves some property of the protein that is more Neither the awd mutant phenotype nor the expression
patterns of the awd reporter and rescue transgenes is consis-conserved between AWD and NM23-H2 than between ei-
ther of these proteins and NM23-H1. For example, the bio- tent with the hypothesis that the biological function of
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tion of Drosophila induced by hybrid dysgenesis. Dev. BiologyAWD/NDP kinase is to provide pools of nucleoside triphos-
129, 159±168.phates for the synthesis of macromolecules. If this were
Dearolf, C. R., Tripoulas, N., Biggs, J., and Shearn, A. (1988b). Mo-the biological function of awd, then it would be hard to
lecular consequences of awdb3, a cell-autonomous lethal muta-understand how awd null mutant larvae could continue to
tion of Drosophila induced by hybrid dysgenesis. Dev. Biologygrow until the end of the third larval instar and form puparia
129, 169±178.
and how the lethal phenotype could be rescued by a Dumas, C., Lascu, I., Morena, S., Glaser, P., Fourme, R., Wallet,
transgene that is not expressed in all tissues. While there V., Lacombe, M-L., VeÂron, M., and Janin, J. (1992). X-ray structure
is maternal deposition of AWD (Timmons et al., 1993) the of nucleoside diphosphate kinase. EMBO J. 11, 3203±3208.
maternally derived product is undetectable in null mutant Edlund, B., Rask, L., Olsson, P., WaÊlinder, O., Zetterqvist, OÄ ., and
EngstroÈm, L. (1969). Preparation of crystalline nucleoside diphos-®rst instar larvae (data not shown). The data showing that
phate kinase from Baker's yeast and identi®cation of 1 [32P] phos-mutations of awd that eliminate enzymatic activity but
phohistidine as the main phosphorylated product of an alkalineallow accumulation of AWD protein cause a null phenotype
hydrolysate of enzyme incubated with adenosine [32P] triphos-indicate that the enzymatic activity of AWD/NDP kinase
phate. Eur. J. Biochem. 9, 451±455.is necessary for its biological function. However, the data
Gilles, A-M., Presecan, E., Vonica, A., and Lascu, I. (1991). Nucleo-showing that expression of the nm23-H1 transgene leads to
side diphosphate kinase from human erythrocytes. J. Biol. Chem.
accumulation of signi®cant levels of NDP kinase activity 266, 8784±8789.
but not to complete phenotypic rescue suggests that the Lascu, I., Chaffotte, A., Limbourg-Bouchon, B., and VeÂron, M.
enzymatic activity of AWD/NDP kinase is not suf®cient (1992). A Pro/Ser substitution in nucleoside diphosphate kinase
for its biological function. If the biological function of of Drosophila melanogaster (mutation Killer of prune) affects
stability but not catalytic ef®ciency of the enzyme. J. Biol. Chem.AWD/NDP kinase is not to provide pools of nucleoside
267, 12775±12781.triphosphates for the synthesis of macromolecules, then one
Lawrence, P., Johnson, P., and Struhl, G. (1983). Different require-might reasonably ask whether Drosophila has some other
ments for homeotic genes in the germline and soma of Drosoph-NDP kinase that does play such a role. Dictyostelium has
ila. Cell 35, 27±34.a mitochondrial NDP kinase that accounts for three percent
Leone, A., Flatow, U., VanHoutte, K., and Steeg, P. S. (1993). Trans-of total NDP kinase activity (Troll et al., 1993). We propose
fection of human nm23-H1 into the human MDA-MB-435 breast
that Drosophila also has a mitochondrial NDP kinase and carcinoma cell line: Effects on tumor metastatic potential, colo-
that it is responsible for the low level of NDP kinase activity nization and enzymatic activity. Oncogene 8, 2325±2333.
we detect in awd null mutants (Timmons et al., 1993, 1995). Morera, S., Chiadmi, M., LeBras, G., Lascu, I., and Janin, J. (1995).
A mitochondrial NDP kinase would be ideally localized to Mechanism of phosphate transfer by nucleotide diphosphate ki-
nase: X-ray structures of the phosphohistidine intermediate ofgenerate pools of nucleoside triphosphates from the ATP
the enzymes from Drosophila and Dictyostelium. Biochemistrygenerated by glycolysis.
34, 11062±11070.
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